Intracerebroventricular injection of glucose can induce a sedative effect in chicks under social isolation stress. In addition, central injection of glucose improves memory formation in chicks in the passive avoidance task. In the present study, we confirmed that intracerebroventricular injection of glucose modified aspartate, arginine, glutamate, β-alanine, glycine and serine-ortho-phosphate levels of the telencephalon which are known to induce sedative effects in chicks. In addition, not only glutamate in the telenephalon, one of whose receptors is involved in the formation of memory in chicks, but also its metabolite glutamine was affected. These results suggest that some types of amino acid metabolism may be linked to the functions of glucose in the brain, attenuate the stress response and improve memory formation in chicks.
Introduction
demonstrated that intracerebroventricular (i.c.v.) injection of glucose can induce a sedative effect in neonatal chicks under social separation stress. In addition, Gibbs and Summers (2002) suggest that central injection of glucose improves memory formation in chicks in the passive avoidance test.
Glucose is the sole energy source in the central nervous system (CNS), except during starvation, when the glucose level is limited and the energy source shifts to ketone bodies. Glucose is also used as a substrate for several metabolic pathways. One of them is associated with non-essential amino acid synthesis, and some of these amino acids, such as L-glutamate, γ-amino butyric acid (GABA), glycine and so on, have crucial functions in major excitatory and inhibitory neurotransmission. In addition, some amino acids, such as L-serine, L-cysteine, glycine , L-alanine (Kurauchi et al., 2006) , L-arginine (Suenaga et al., 2008a) , L-ornithine (Suenaga et al., 2008b) , β-alanine (Tomonaga et al., 2004) and L-proline (Hamasu et al., 2009) , have sedative and/or hypnotic effects that can be induced by central injection in neonatal chicks under acute stressful conditions. On the other hand, metabotropic glutamate receptor subtype 1 (mGluR1), one of the glutamate receptors, is involved in long-term memory formation in the passive avoidance test in chicks (Baker et al., 2008) . Currently, some pieces of the puzzle are missing in regard to the relationship between glucose and amino acid metabolism in the CNS, and it is these missing pieces that need to be put in place in order to clarify the mechanism by which glucose has central effects on stress response and memory formation.
In this study, the dose-dependent effects of centrally injected glucose on brain amino acid levels 10 min postinjection were examined. Of several brain sites, we targeted the diencephalon and telencephalon, since both sites are involved in stress response (Hamasu et al., 2009 ) and the telencephalon is involved in memory formation (Gibbs, 2008) in chicks.
Materials and Methods

Animals and Food
One-day-old male layer-type chicks (Julia) were purchased from a local hatchery (Murata Hatchery, Fukuoka, Japan) and housed in a windowless room at a constant temperature of 30±1℃. Continuous lighting was provided. The birds were given free access to a commercial starter diet (AX, Toyohashi Feed and Mills Co Ltd., Toyohashi, Japan) and water. The chicks were reared individually the day prior to the experiment for acclimatization. On the day of the experiment, the chicks (5 days old) were assigned to treatment groups based on their body weight in order to produce uniform treatment groups. The i.c.v. injection was performed using a microsyringe according to the method of Davis et al. (1979) and Koutoku et al. (2005) . The stress and pain suffered by this method is minimal, as described elsewhere (Koutoku et al., 2005) . The injected volume was 10 μl.
Chicks were given an i.c.v. injection of 0, 0.21, 0.42, 0.84 and 1.68 μmol of glucose. The dose of glucose was referred by the previous study that i.c.v. injection of glucose (0.84 μmol) induced sedative effects in chicks (Asechi et al., 2008) . After the injection, the chicks were immediately returned to their individual cages. During this period, they were deprived of water and diet. 10 min after the injection, blood was drawn from the jugular vein into heparinized tubes. The blood was centrifuged at 4℃ and 10,000×g for 4 min, and the plasma was collected and stored at −80℃ until analysis. Plasma glucose was determined using a glucose kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan). Finally, after anesthesia with isoflurane, the birds were decapitated. The brains were removed and the location of the Evans Blue dye was confirmed. The data of chicks without dye in the lateral ventricle were deleted. Both sides of the telencephalon and diencephalon were quickly divided and stored in tubes. Then these samples were dropped into liquid nitrogen for flash freezing and stored at −80℃ in the deep freezer until analysis of amino acids took place.
Analysis of Free Amino Acids
Free amino acid levels in the brain were analyzed according to the method of Boogers et al. (2008) with some modifications. The brain tissues were homogenized in ice-cold 0.2 M perchloric acid solution containing 0.01 mM ethylenediaminetetraacetic acid disodium salt (EDTA·2Na) and left on ice for deproteinization. After 30 min, the homogenates were centrifuged at 0℃ and 20,000×g for 15 min. Thereafter, supernatants were adjusted to pH 3.0 by adding 1 M sodium acetate and filtrated through a 0.20-μm filter. Each 20-μl brain sample was completely dried under reduced pressure. The dried residues were dissolved in 10 μl of 1 M sodium acetate-methanol-triethylamine (2:2:1) solution, redried, and dissolved in 20 μl of methanol-water-triethylaminephenylisothiocyanate (7:1:1:1) solution. After being left at room temperature for 20 min, the phenylisothiocyanate was allowed to react with the amino groups, and the samples were dried again and dissolved in 200 μl of Pico-Tag Diluent (Waters, Milford, USA). These diluted samples were filtrated through a 0.45-μm filter (Millipore, Bedford, MA, USA). The same method was applied to standard solutions prepared by diluting a commercially available L-amino acid solution (type AN II and type B; Wako), L-asparagine monohydrate (Wako), L-Glutamine (Wako) and L-tryptophan methyl ester hydrochloride with distilled water. These derivatized samples were applied to a Waters HPLC system [Pico-Tag free amino acid analysis column (3.9 mm×300 mm), Alliance 2690 separation module, 2487 dual-wavelength UV detector, and Millennium 32 chromatography manager; Waters, Milford, USA]. They were equilibrated with buffer A [70 mM sodium acetate (pH 6.45 with 10% acetic acid)-acetonitrile (975:25)] and eluted with a linear gradient of buffer B [water-acetonitrile-methanol (40:45: 15)] (0, 3, 6, 9, 40, and 100%) at a flow rate of 1 ml/min at 46℃. Absorbance at 254 nm was applied to determine the concentrations of the free amino acids. The triethylamine and sodium acetate trihydrate were purchased from Wako, while the other drugs for which no manufacturer is noted were purchased from Sigma (St Louis, MO, USA).
Statistical Analysis
Analyses of each metabolite in each brain region were conducted using regression analysis. Significance was set at p＜0.05. This statistical analysis was conducted using the commercially available package StatView (Version 5, SAS Institute, Cary, USA, 1998). Tables 1 and 2 show the effect of i.c.v. administration of 0, 0.21, 0.42, 0.84 and 1.68 μmol of glucose on the amino acid contents in the diencephalon and telencephalon 10 min postinjection, respectively. The following amino acids and related compounds could be examined in this study: histidine, isoleucine, leucine, methionine, threonine, tryptophan, tyrosine, valine, asparagine, glutamine, proline, serine, arginine, lysine, ornithine, aspartate, glutamate, β-alanine, alanine, carnosine, cystathionine, GABA, glycine, serine-orthophosphate (SOP) and taurine. In the diencephalon, no significant effects were detected in any of the metabolites. In the telencephalon, methionine (p＜0.01) and glutamate (p＜ 0.05) were positively correlated, and histidine (p＜0.01) and SOP (p＜0.01) negatively correlated, with doses of glucose. The following cubic correlations were then detected: arginine (p＜0.05), aspartate (p＜0.05), glutamine (p＜0.05), glycine (p＜0.05) and β-alanine (p＜0.05), respectively. Regression equations calculated from these amino acid contents in the telecephalon were shown in Table 3 . Fig. 1 shows the effect of i.c.v. injection of several doses of glucose on the plasma glucose level at 10 min postinjection. Plasma glucose levels did not change significantly.
Results
Discussion
In order to examine the relationship between central glucose and amino acid metabolism, we investigated changes Ogino et al.: Brain Glucose and Amino Acids 29 in the content of amino acids in the diencephalon and telencephalon after i.c.v. injection of glucose. The results showed that some amino acids were modified only in the telencephalon. Above all, aspartate (L-aspartate and Daspartate in Erwan et al. (2012) ), arginine (L-arginine in Suenaga et al. (2008a) ), glutamate (L-glutamate in Yamane et al. (2009a) ), β-alanine (Tomonaga et al., 2004) , glycine and SOP (L-SOP in Asechi et al. (2006) ) are known to have sedative and/or hypnotic effects when administered by i.c.v. in neonatal chicks. Thus, it is likely that these amino acids are involved in the sedative and/or hypnotic effects of glucose. On the other hand, other amino acids which have sedative effects in chicks, such as alanine (L-alanine in Kurauchi et al., 2006) , asparagine (Lasparagine in Yamane et al., 2009b) , ornithine (L-ornithine in Suenaga et al., 2008b) , proline (L-proline in Hamasu et al., 2009) , serine (L-serine in Asechi et al., 2006) and tryptophan (L-tryptophan in Yoshida et al., 2012) , had no effects in the present study. The relationship among these amino acids and sedative effects of centrally injected glucose may be weak.
L-SOP and glycine are produced via the phosphorylated pathway, and enzymes in this pathway are activated during the neonatal developmental period in mice (Yamasaki et al., 2001 ) and rats (Antflick et al., 2009 ). As mentioned above, L-SOP and glycine are known to attenuate stress responses under acute stressful conditions in neonatal chicks. For these reasons, it is likely that the sedative effect of glucose may be partly due to the actions of these amino acids. Glycine induces sedative effects through the activation of glycine receptors (Shigemi et al., 2008) . To further clarify the link with the sedative effects of glucose, it may be necessary to investigate whether concurrent administration of glycine receptor antagonists can attenuate the effects of glucose. On the other hand, the mechanism of the sedative and hypnotic effects induced by L-SOP has not yet been revealed. Therefore, further investigation of the effects of L-SOP may be necessary in the future.
The amino acid synthetic pathway from glucose is not produced only via the phosphorylated pathway: some amino acids that have sedative and hypnotic effects -L-aspartate, Lglutamate, β-alanine, L-alanine, GABA and so on -can be produced via the TCA cycle. Glucose is converted to pyruvate and acetyl-CoA via the glycolytic system, and synthesizes these amino acids via the TCA cycle. In this study, the composition of aspartate, glutamate and β-alanine was changed significantly. It has been ascertained that the glycolytic end product pyruvate is not involved in the sedative and hypnotic effects in chicks (Asechi et al., 2008) . Meanwhile, control of the activation of pyruvate kinase, which synthesizes pyruvate from phosphoenolpyruvate, is influenced by some types of amino acid (Feksa et al., 2003) . Therefore, in this study, the metabolism of pyruvate might be affected by amino acids that have been synthesized via other pathways than the TCA cycle.
Significant effects were observed in glutamate and its metabolite glutamine in the telencephalon. As described before, mGluR1, one of the glutamate receptors, is involved in the formation of memory in chicks (Baker et al., 2008) . Therefore, its relationship to glutamate metabolism may be an important factor in clarifying the mechanism of memory formation by glucose in the brain of chicks. Glutamate represents significant linear correlation while glutamine, metabolite of glutamate, showed cubic correlation in the telencephalon. This differential result may indicate that i.c.v. injected glucose affects more than two enzymes in Ogino et al.: Brain Glucose and Amino Acids glutamate metabolic pathway in the telencephalon. Further study should be done to clarify the hypothesis. Gibbs and Summers (2002) suggested that both central and peripheral injection of glucose can improve memory formation. In the present study, the influence of peripheral glucose seemed smaller because plasma glucose did not change significantly with centrally injected glucose.
The essential amino acids of chicks (chickens) are Lhistidine, L-isoleucine, L-leucine, L-methionine, L-phenylalanine, L-threonine, L-tryptophan, L-tyrosine, L-valine, Larginine and glycine. Nevertheless, in this study, significant change was detected in some of these amino acids (histidine, methionine, arginine and glycine) following i.c.v. injection of glucose. Therefore, the effects of glucose on amino acid metabolism in the brain might be explained not only by glucose metabolism but also by other unknown systems such as transport systems of essential amino acids.
Significant effects were detected in the telencephalon while obvious effects were not observed in the diencephalon in amino acid levels. Therefore, the effects of i.c.v. injected glucose seem to be specific for brain regions in terms of amino acid metabolisms. Amino acids in the diencephalon might not involve in the sedative effect of glucose while diencephalon has an important role in response to stress. Further study should be done to clarify the mechanism of the difference in the future.
In conclusion, it can be hypothesized that some types of amino acid metabolism mediate the effects of glucose, attenuate the stress response and improve memory formation. Further study is necessary to clarify this hypothesis.
